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Abstract – The fracture surface morphology that results from mode I tearing of ductile plate 
metals depends heavily on both the elastic-plastic material properties and the microstructure. 
Severe tunneling of the advancing crack tip (resulting in cup-cup, or bath-tub like fracture 
surfaces) can take place in a range of materials, often of low strength, while tearing of high 
strength metals typically progress by the shear band failure mechanism (slanting). In reality, 
however, most fracture surfaces display a mixture of morphologies. For example, slant crack 
propagation can be accompanied by large shear lips near the outer free plate surface or a 
complete shear band switch - seemingly distributed randomly on the fracture surface. The 
occasionally observed shear band switch of mode I slant cracks, related to ductile plate tearing, 
is far from random as the crack can flip systematically from one side to the other in roughly 45-
degree shear bands. This "flipping" action of a slanted crack remains to be fully understood, and 
the present study serves to share details on the phenomenon by exploiting X-ray tomography 
scanning to access the plate interior and the very crack tip. Throughout, the focus is on a crack 
tip where the flip is underway. Extensive growth of single edge cracks under mode I loading is 
achieved in a purpose build test set-up. Here, considering a 4 mm plate of normal strength / high 
strain hardening steel which has been found to display successive flipping of the slant crack 
face. While undergoing a shear band switch, such that the flipping mechanism is active, the 
plate tearing test is interrupted and the crack tip extracted for further investigation. The 
conducted X-ray tomography scans reveal the failure process ahead of the advancing crack tip 
to resemble the ductile slant crack growth governed by local thinning and moderate crack tip 
tunneling. However, small shear lips form at the outer free plate surface, well behind the 45-
degree slant (tunneling) crack tip, as the flipping action engages. Upon further loading, the 
shear lips subsequently grow to form a set of secondary crack fronts at an angle to the primary 
tunneling slant crack. Eventually, these secondary crack fronts catch up on the primary slant 
crack front and overtake the growth to complete the shear band switch. Once the crack slants, an 
out-of-plane action occurs due to the loss of symmetry in the system. It is this out-of-plane 
action which is believed to set-off the flipping mechanism. 
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1. Introduction 
The micro-mechanisms governing ductile plate tearing have been established through decades 
of research (Tvergaard, 1990; Benzerga and Leblond, 2010, Pineau et al., 2016). It is well 
known that ductile failure generally is governed by the process of void nucleation and growth to 
coalescence at the micron-level (Needleman, 1972; Gurson, 1977, Tvergaard, 1981, 1982a, 
1982b; Fleck and Hutchinson, 1986; Koplik and Needleman, 1988; Thomason, 1990; Benzerga, 
2002; Liu et al., 2003; Scheyvaerts et al, 2006; Barsoum and Faleskog, 2007a,b; Tvergaard, 
2008, 2009; Leblond and Motlet, 2008; Nielsen and Tvergaard, 2011). Intermetallic inclusions 
are typically responsible for the nucleation of microvoids which grow to coalesce and 
eventually form microcracks. In the end, it is the formation of such microcracks (or the lack 
thereof) and their linkages ahead of the advancing crack tip that determines the crack tip shape 
and propagation mode. For example, different tearing modes, leading to different crack surface 
morphologies (such as cup-cup, cup-cone, or slanting), have been observed for extensive crack 
growth in plate metals and the underlying micro-mechanisms are often considered known. This 
despite of Morgeneyer et al. (2014) recently demonstrating new insight to the localization 
process at the very tip of a mode I tearing crack in a thin aluminum alloy (2198) sheets by 
focusing high-resolution in-situ synchrotron X-ray laminography on the phenomenon. Their 
study indicates that plastic flow localization can precede significant damage evolution and that a 
burst of nucleating damage sets in at a later stage for Al 2198. Slant crack propagation within 
45-degree angled shear bands often occurs in high strength material, whereas a cup-cup (bath-
tube like) failure is typically found in low strength / high strain hardening alloys (Pardoen et al., 
2004). Despite such insight, the interplay between tearing modes remains to be fully understood 
and nowhere is a conclusive answer to; what makes the crack choose one tearing mode over the 
other, found. In fact, the reality is that a mixture of the propagation modes typically develops on 
the fracture surface of same plate such that transitional crack surface morphology appears.  
In addition to the established tearing modes (cup-cup, cup-cone, and slanting), strong 
evidence exists that a portion of the observed transitional crack surface morphology belongs to 
an overlooked tearing phenomenon nicknamed "crack tip flipping" in El-Naaman and Nielsen 
(2013). The phenomenon is strongly tied to slant crack propagation, where two equally active 
shear bands travel, within a heavily strained region in front of the leading crack tip, such that 
plastic flow and failure eventually localize in one shear band - leaving the other band inactive. 
The crack thereby propagates in a 45-degree tilted manner (know as crack slanting, see also 
Mathur et al., 1996; Besson et al., 2003; Nielsen and Hutchinson, 2012, for numerical results). 
From time to time, however, the propagating crack can switch to the former inactive shear band 
whereby it flips the 45-degree tilted orientation to the opposite side. Gruben et al. (2013) 
observed such occasional switches under mode I tearing of dual-phase steel, whereas Rivalin et 
al. (2001); Simonsen and Törnqvist (2004), Zheng et al. (2009); El-Naaman and Nielsen (2013) 
have observed successive flipping of the slanted crack in a very systematic manner. Rivalin et 
al. (2001) conducted a number of tearing experiments on pipeline steel, including both high-
speed dynamic tests and quasi-static tests. Clearly, their specimens exhibited the flipping 
mechanism when subject to high crack growth rates (Fig. 7b in their paper). Zheng et al. (2009) 
carried out an extensive quasi-static analysis of large welded panels (of 3 mm wall thickness, 
AA6061 Aluminum) and observed a slant fracture surface alternating at angles  degree 
approximately every 60 mm, but within the heat affected zone of the welded joint. Simonsen 
and Törnqvist (2004), and later El-Naaman and Nielsen (2013), studied extensive crack 
propagation in plate metal (steel and aluminum) and found cracks propagating by the flipping 
mechanism in a stable and controlled manner (easily traced by the naked eye), with the crack 
extending many plate thicknesses. What causes the crack to flip remains to be fully understood, 
but it is obvious that once localization into one of the two shear bands takes place, the symmetry 
of the mode I tearing experiment is lost, and a slight out-of-plane deflection of the plate occurs. 
It is this mode III type loading of the crack that is believed to fertilize the flipping mechanism 
(see also Felter and Nielsen, 2017; Nielsen and Hutchinson, 2017).  
El-Naaman and Nielsen (2013) extracted an isolated flip on the fracture surface of a 
completed tearing test and polished a number of cross-sections perpendicular to the growth 
direction to shed light on the steps involved in the flipping process. From this first study, it 
became evident that the flipping occurs in a symmetric manner as the fracture surface poses 
180-degree rotational symmetry about the crack growth direction. Moreover, their study 
revealed the flipping to rely on the formation of shear lips near the outer free plate surface. 
Once formed, these shear lips grow upon loading and eventually merge to form an active shear 
band to the opposite side (thereby completing the flip). This initial study, however, was 
conducted on an already completed flip and, hence, do not reveal any details on the crack 
advance mechanism. For example, one question that arises is; how do the shear lips interact 
with the primary slant crack face? 
The present study focuses on the initiation of the flipping action and aims to share details 
on the evolution of the shear lips, by relying on X-ray tomography scanning to achieve a look 
into the processes at play as the shear lips initiate and grow to overtake the leading crack tip. To 
do so, a slanted crack where a flip is underway, rather than an already completed flip, is 
considered by interrupting a plate tearing experiment just as the flip becomes visible on the 
outer free plate surface. The study, here, takes as off-set the plate tearing set-up developed in El-
Naaman and Nielsen (2013). While interrupted, the test is stopped, and the plate unloaded, to 
extract samples of the crack tip for further X-ray tomography scanning. Compared to the 
process of cutting and polishing cross-sections successively along the growth direction (as in 
El-Naaman and Nielsen, 2013), a much refined sequence of cross-sections are created by used 
of X-ray tomography, and moreover; the cross-sections are available in multiple views (see for 
example Figs. 2-6). Thus, the combination of focus on a flip underway and the use of X-ray 
tomography allow unseen details of the flipping process to be brought out and individual 
features at the plate interior to be accurately traced. For example, it becomes clear that the 
primary slant crack face propagates by moderate crack tip tunneling, and that the very tip shows 
no sign of flipping at a state where the phenomenon becomes obvious to an observer watching 
the propagating crack on the outer free plate surface. It is, instead, the shear lips that govern the 
flip as they form well behind the leading tip, then grow and overtakes the primary slant crack 
face - thus altering the apparent orientation of the slanting crack. 
The paper is structured as follows. The experimental procedure including details on the 
plate tearing experiments, the X-ray tomography scanning, and data analysis are outlined in 
Section 2. Results and the discussions hereof are presented in Section 3, while Section 4 gives 
the concluding remarks. 
 
2. Experimental Investigation 
2.1 Mode I Tearing Experiments and Sample Preparation 
Mechanical testing of mode I tearing in 4 mm normal strength non-alloy structural steel (EN 
10025, see Table 1) plates is undertaken to form the basis for a close inspection of the crack tip 
when undergoing a shear-band switch (referred as the flipping mechanism). The experiments 
take as off-set the test set-up discussed in El-Naaman and Nielsen (2013) (initially developed by 
Simonsen and Törnqvist, 2004), where the crack is allowed to grow roughly 30 plate 
thicknesses without reaching the far boundaries. Thus, no pre-cracking of the plate was 
conducted since the crack initiation has no effect on the subsequent flipping mechanism once 
the crack has propagated several plate thicknesses. Care was taken that extensive crack 
propagation was achieved for all samples investigated by X-ray Tomography. Details on the 
material can be found in Table 1 (fitted by El-Naaman and Nielsen, 2013), and a further 
examination regarding fractographs of the final fracture surface can be found by El-Naaman and 
Nielsen (2013). Selected areas on the fracture surface all bear the signs of void growth to 
coalescence. In fact, the fracture surface shows no sign of severely smeared dimples (/voids) as 
a result of intense shearing.    
The test set-up and plate specimen (in gray) are illustrated in Fig. 1a. Here, the plate is 
loaded in combined tension and in-plane bending (with mode II contributions from the weight 
of the rig balanced out). All mechanical tests are carried out using a standard MTS Flextest 
hydraulic machine equipped with a 100 kN load cell. The force, the piston displacement 
(measured by an MTS LVDT), and the time is recorded during testing. In addition, to measure 
the crack advance, a grid was applied to the un-deformed specimens along the expected crack 
path, where after timed still photographs were taken, against a contrasting background, 
continuously throughout each test. The crack length for a specific force or displacement is 
extracted by relating the data. A representative set of test results is displayed in Figs. 1b-c (see 
also El-Naaman and Nielsen, 2013, for more details on the mechanical tests).  
In the investigation of the crack tip flipping mechanism, it is important to realize that the 
flip takes place in a very stable manner and, hence, can easily be traced on the free plate surface 
by the naked eye. Thus, the tearing test was stopped once crack tip flipping is evident to the 
operator, and the plate is unloaded, to extract samples of the crack tip for further investigation 
by X-ray tomography scanning.   
 
2.2 X-ray Tomography and Measuring Procedure 
The X-ray tomography scanning experiment was performed using a commercial Zeiss Xradia 
410 versa system equipped with a reflection tungsten target X-ray source with a pre-voltage 
range from 40 kV to 150 kV and a maximum power of 10 watt. Throughout, a high voltage of 
150 kV is employed to ensure that the X-ray penetrates the long side of the sample 
(approximate 12mm of steel). The sample was mounted using a grip in one end, away from the 
measuring area, such that undisturbed 360-degree access to the sample was obtained. Each 
tomography scan is acquired with at least 3201 projections covering the 360-degree rotation of 
the sample. The reconstruction of scan data relies on a Feldkamp, Davis and Kress algorithm 
(Feldkamp et al., 1984), based on filtered back-projection algorithm. To bring out the details of 
the flipping mechanism, the present work employs three different settings for the tomography 
measurements, these are; i) a large field view measurement with a voxel size of 20.4m (using 
3201 projections), ii) an intermediate field view measurement with voxel size of 4.0m (using 
6401 projections), and iii) a high resolution measurement with voxel size of 1.2m (using 4001 
projections). 
 
2.3 Data Analysis 
To visualize the crack tip features in focus, the data generated from the X-ray tomography 
scanning are approached in three different ways; i) images were extracted as cross-sectional 
views (Figs. 3-6) using the Software Package "XRControler" developed by Zeiss as part of the 
X-ray tomography system. This allows easy comparison of different planar cross-sections, as 
well as a comparison to images from conventional Scanning Electron Microscopy published in 
the literature. ii) to give a three-dimensional view of the flipping crack tip, image analysis of the 
raw scanning data was carried out using the MATLAB Software package (see Figs. 7-10a). In 
these images, additional 2D median filtering (8-by-8 neighbors) of cross-sections in the -
plane (see Fig. 2) is added, where after a black-and-white image is generated by identifying the 
edges using a Sobel method (threshold 0.7)1. This post-processing of data was found to bring 
out the morphology of the fracture surfaces more clearly without compromising the data. iii) to 
help the interpretation of results a much less detailed approach was taken by manually recording 
the location of the most essential features (being the primary crack surface and shear lips) in the 
individual cross-sections (in the -plane). By connecting these essential features with 
straight lines, and collecting a number of cross-sections, the 3D reconstructions displayed in 
Figs. 8b-10b were created.  
 
  
                                                          

The -by-	 neighbors and the threshold were gradually increased to ensure as little loss of details as possible.
3. Results and Discussion 
Results are presented in the following for a number of X-ray tomography scans completed on 
one particular crack tip where a flip is underway. In light of this, it is worth to mention that the 
X-ray scans presented in this study are not time resolved, and thus the interpretation of results 
are strongly tied up on the time history of the crack flipping seen on the outer free plate surface 
– which is easy to trace and indeed time resolved. Moreover, the early study by El-Naaman and 
Nielsen (2013) serves as a “temporal resolution” as it reveals the fracture surface morphology 
for the completed flip. In the present study, the mechanical test of the plate has been interrupted 
at the very beginning of the flip, and the extracted sample holds thereby the key to the initial 
configuration of the flipping crack tip. Results are presented for the three different tomography 
scanning settings with voxel size; 
m (in Fig. 4), m (in Figs. 3, 5, and 8-10), and 

m (in Figs. 6-7), corresponding to increased level of details as the resolution is 
approximately m, 
m, and 6m, respectively.  
Figure 2 displays the large view scan in full 3D with the cross-sectional planes of main 
interest defined. Here, displaying the zero-planes with origo at the very crack tip. Throughout 
the study, the coordinate axes remain fixed such that; the crack propagates along the positive 
-axis, the -axis is the through-thickness direction, and the plate is loaded along the -axis. 
Moreover, as tomography scanning essentially reveals changes in density, black/dark regions 
indicates "air" and bright colors indicate dense material in Figs. 3-6. 
A series of cross-sections from the investigated crack tip is shown in Fig. 3. Here 
considering the -plane to mimic conventional cross-sectional views of cracked metal plates 
reported in the literature from either optical- or electro-microscopy. The crack propagates away 
from the reader (along the -axis), such that Figs. 3a and 3f are cross-sections near the crack 
tip and far behind the crack tip, respectively. Compared to physically cutting and polishing 
samples a much refined sequence of cross-sections is created by employing X-ray tomography - 
essentially one cross-sectional image is obtained for every m (at intermediate resolution). 
Thus, the evolution of the individual features is easy to trace in the crack growth direction when 
going through the full set of scanning images, and only a very small sub-set of the cross-
sectional scans is presented here. From Fig. 3 it is, first and foremost, noticed that all cross-
sections in the -plane pose 180 degree rotational symmetry about the growth direction. 
Thus, not only does that surface morphology of the completed flip display this characteristic (as 
discussed by El-Naaman and Nielsen, 2013), but the present tomography scans reveal that the 
fracture process itself shows the same behavior.  
Figure 3a shows severe thinning of the plate material as well as a small slant crack initiated 
at mid-thickness; this being the very tip of the primary slant crack face. Through Figs. 3b-c, the 
width of this slanted primary crack face increases, but remains confined to the interior of the 
plate such that crack tip tunneling takes place. As a key feature of the flipping mechanism, the 
crack face makes a roughly 90-degree kink on each side, closer to the free surface (see Fig. 3d), 
and two small additional protrusions evolve through Figs. 3e-g. By linking these X-ray scans to 
the history of the flipping crack observed on the outer free plate surface, the protrusions are the 
evolving shear lips, and their early appearance at the interior of the plate (see Figs. 3d-e) 
indicates, as well, tunneling of these secondary cracks faces. Thus, it is worth to notice that the 
slanting crack, when undergoing a flip, consists of two types of leading edges; i) one being the 
leading edge of the primary slant crack, and ii) one being the leading edge of the evolving shear 
lips (referred to as secondary crack faces), which connect to the outer free plate surface. 
Moreover, it is important to realize that the shear lips are not only trailing behind the tip of the 
primary slanted crack face, but these will eventually catch up and form a slanted crack face to 
the opposite side - thereby completing the flip. Thus, the leading edge of the shear lips must be 
traveling at a greater speed than the leading edge of the primary slanted crack face. In fact, there 
is no evidence of the primary slant crack stops propagating when the shear lips start growing – 
rather is the opposite the case. By comparing the current tip shape of the primary slant crack to 
the feature on the fracture surface for the completed flip in El-Naaman and Nielsen (2013), the 
tunneling of the primary crack tip for the completed flip extends much further before the shear 
lips covers the entire surface. 
Through Figs. 3e-g, the width of the primary crack face continuously increases despite the 
overall crack face now being kinked such that the slanted primary crack face exists well behind 
the leading crack tip (see Figs. 3h-f). This clearly demonstrates that the investigated sample 
indeed holds the very initiation of the flipping mechanism.  
The severe thinning of this particular steel becomes very obvious when considering the 
cross-sections of the large field view scan in Fig. 4 (m resolution). Here, considering 
planar cross-sections in the -plane at three different levels along the loading direction (-
axis). The dashed lines define the outer contour in the individual cross-sections. Figures 4a and 
4c display cross-sections above and below the zero-plane, respectively, with the zero-plane 
taken to be the plane where the leading crack tip has advanced the furthest (see also Fig. 2 
where black indicates "air" and bright colors indicate dense material). From Fig. 4b it is seen 
that the zero-plane only bears sign of one evolving crack face (the primary slant crack face). 
This has to do with the flip being in an early state such that the shear lips near the outer free 
plate surface (observed in Fig. 3) have not yet intersected the zero-plane. However, by lowering 
(or lifting) the plane for this cross-sectional view along the -axis, the primary crack face is 
found to connect to the shear lips (secondary crack faces) located on the left hand (or right 
hand) side. To add details to this co-existence of the secondary and the primary crack faces, 
additional scans at intermediate (20m) and high (m) resolution are performed. Similar to 
Fig. 4, these results are depicted in Figs. 5 and 6 as cross-sectional views in the -plane. 
Figure 5 displays cross-sections at five different levels along the loading direction (-
direction), with Fig. 5a being the top plane, Fig. 5c the zero-plane, and Fig. 5d the bottom plane. 
As for the low resolution scan, Fig. 5c indicates that only the primary crack face exists at the 
zero-plane, whereas; by moving the cross-sectional view along the -axis towards the top (or 
bottom) it becomes clear that the primary crack face connects to the secondary crack face near 
the outer free plate surface (dashed lines). In particularly, this is evident from Figs. 5a and 5e 
(also notice that Figs. 5a and 5e are essential each other mirror). The connection of the primary 
and secondary crack faces is, however, somewhat doubtful in Figs. 5b and 5d, and the question 
is if the connection between the two cracks faces is really there? To shed light on this, a high 
resolution scan (m) was performed for one of the shear lips (see Fig. 6). From these results it 
is clear, that the secondary and primary crack face connects near the outer free plate surface 
(Figs. 6a-b), but also that the connection is interrupted when moving closer to the zero-plane 
(Figs. 6c-d). In fact, Fig. 6d clearly displays two separate crack faces. This has to do with the 
three dimensional nature of the flipping crack tip. The shear lips (being the secondary crack 
faces) are largest near the outer free plate surface and, thus, intersect with cross-sectional -
planes closer to the zero-plane. 
To bring out the three-dimensional nature of the flipping crack, the raw data from the X-ray 
tomography scanning have been exploited to obtain both automatically and manually 
reconstructed 3D images. Figure 7 depicts an automatically generated (using image analysis and 
filtering, see Section 2.3) reconstruction of the shear lip based on the high-resolution scan 
(m). Here, showing a part of the primary slanted crack face and the co-existing secondary 
crack face that grows near the outer free plate surface. The dashed lines indicate crack edges 
visible to an observer on the outer free plate surface, while solid lines indicate the leading edge 
of the primary and secondary crack faces. In Fig. 7a, the shear lip is shown in perspective, while 
it is rotated in Fig. 7b so that the crack propagates toward the reader. The zero plane (-
plane) that holds the leading crack tip lies above the current scanning region (in the positive -
direction) and it is, thus, not part of Fig. 7. However, by comparing Fig. 6 to Fig. 7b it is 
obvious that by lowering the cross-sectional -plane from the zero-plane, in negative -
direction, the secondary crack face will first intersect the plane (and thereby appear first) at the 
outer free plate surface, but without connection to the primary slant crack face in that particular 
-plane (just as it was noticed from Figs. 4-6). By continuously lowering the plane of view, 
the secondary crack face grows and eventually connects to the primary slant crack face. It is 
also obvious from the three dimensional view in Fig. 7a that the curved crack visible on the 
outer free plate surface (dashed lines) is, in fact, the evolving shear lip (bear in mind that the 
history of the surface crack are easy to trace and indeed time resolved). Thus, the flipping 
mechanism truly initiates by the formation of small shear lips well behind the tunneling primary 
slant crack tip. Naturally, the shear lips propagate in an angle to the primary crack with the 
leading edges of the shear lip and the primary crack face intersecting at one point that defines 
the fracture surface morphology of the completed flip (studied in El-Naaman and Nielsen, 
2013).  
For a more complete overview of the crack tip flipping mechanism, Figs. 8-10 illustrate 
both automatically and manually generated reconstructions of the scanning data for intermediate 
resolution (
m). Figure 8 display the crack tip in perspective, whereas Figs. 9 and 10 give a 
front and a top view, respectively. For the crack tip considered it is clear that the majority of the 
crack face (the primary crack) remains slanted in the -plane, whereas two shear lips 
(secondary crack faces) have formed near the outer free plate surface (see Fig. 8). The crack 
growth direction is along the -axis, about which the flipping mechanism poses 180 degree 
rotational symmetry (also seen from cross-sectional views in Fig. 3). Moreover, it is clear from 
Fig. 8 that, at this state of the flip, the primary slant crack face propagates by moderate 
tunneling, with the tunnel extending approximately one plate thickness into the plate interior 
ahead of the visible crack on the outer free plate surface (see Fig. 10). This tunneling effect is to 
a wide extend governed by the severe thinning of the plate that takes place in front of the 
leading crack tip (see Figs. 5 and 8a). It is well known that with the localized thinning of the 
plate that takes place in the fracture process zone comes an elevated stress triaxiality level at 
mid-thickness of the plate, which, in turn, drives the void growth to coalescence process. This 
inherent behavior of the explored ductile steel may also be the reason for the fairly sharp, and 
well defined, leading crack tip. 
Compared to the established plate tearing modes (cup-cup, cup-cone, and slanting), where 
the formation of micro-cracks and their linkage takes place at the leading edges of the crack, the 
crack tip flipping mechanism set itself apart by being affected by an event (the formation of 
shear lips) well behind the leading tip. In fact, the established tearing modes eventually reach 
stationarity (no changes to the near-tip stress/strain field), whereby all parts of the leading edge 
maintain the same velocity. However, it is obvious from the present study that this cannot be the 
case during crack tip flipping. The crack tip stress and strain changes as the shear lips evolve 
and once a flip is completed – a new can begin.  
What drives the “flipping” action is yet to be fully understood, but the out-of-plane 
deflection that develops due to loss of symmetry when slanting of the crack occurs, and any 
restriction on this deflection, is the prime suspects (see also Nielsen and Hutchinson, 2017). 
Once the failure process localizes into a shear band, and crack slanting occurs, an asymmetry in 
the near-tip stress/strain fields arise, and an out-of-plane deflection develops. This gives rise to 
combined mode I - mode III loading on the crack tip and thereby inducing an asymmetry in the 
fields (effective stress, stress triaxiality and Lode parameter) which govern the void 
nucleation/growth mechanism in ductile failure.  
 
4. Concluding remarks  
An experimental investigation of the crack tip flipping mechanism, observed for mode I slanted 
crack propagation in plate metals, has been conducted using X-ray tomography. The focus is on 
one particular crack tip where the flip is underway, and in that sense contrasts the initial study in 
El-Naaman and Nielsen (2013), were an already complete flip was investigated. Thus, the 
present study sheds light on the very initiation of the flipping and yields new insight into the 
changes of the leading crack front as the shift, from one 45-degree slant orientation to the 
opposite, takes place. The key findings of the study are: 
• Initiation of the flipping is governed by the formation of shear-lips at the outer free plate 
surface, and all experimental results indicate that these secondary crack faces developed 
simultaneously such that the flipping poses 180-degree rotational symmetry about the 
growth direction (-axis) - both on the final fracture surface and as the flip progresses. 
Thus, the initiation of the flip depend on an event that takes behind the leading tip, as the 
shear-lips form long before the leading crack tip show any sign of flipping.  
• During flipping the crack tip consists of two types of leading edges; i) one being the 
leading edge of the primary slant crack face that holds the very crack tip, and ii) one being 
the leading edge of the evolving shear-lips. Initially, the leading edges of the shear-lips are 
small compared to the primary slant crack, but upon loading, the shear-lips will grow and 
eventually take over to define the new orientation of the propagating crack. It is worth 
noticing that; since the shear-lips are responsible for forming a slanted crack to the opposite 
side, these necessarily have to travel at a greater speed than the leading edge of the primary 
crack. Relating the results in Fig. 10b to that of Fig. 5 in El-Naaman and Nielsen (2013) no 
evidence is found to supports that the leading edge of the primary crack face stops evolving 
when the shear-lips initiate.  
• The flipping process contrasts slant crack propagation, where the crack remains oriented in 
one 45-degree shear-band and stationary stress/strain fields develop in the vicinity of the tip 
(no changes are seen by an observer traveling with the crack tip). Such stationarity cannot 
exist once the flipping action kicks-in as the near-tip fields naturally will change 
continuously as the shear-lips develop and the flip progresses. Moreover, once the crack 
has completed the flipping process, the subsequent slant crack propagation is typically 
limited to few (or even a fraction of) plate thicknesses before new shear-lips form and a 
new flip evolves.   
The final stage of the flipping remains to be brought out. For example, details on the late 
stage of the crack front, when the shear-lips catch up with the leading slant crack tip, are 
unknown. However, from the present study it has become clear that the shear-lips eventually 
take over the leading slant crack and complete the flip. The crack tip, hereafter, continues to 
grow in this new orientation before shear-lips again initiate a flip to the opposite side. Creating 
an X-ray tomography in situ investigation while the entire flipping takes place seems a natural 
extension of the work presented, but despite the very stable nature of the flipping action, this 
poses significant challenges.  
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Tables 
 
Table 1: Mechanical properties of the normal strength steel considered. 
Parameters Notation Value Origin 
Young's modulus  210 [GPa] Estimated 
Poisson ratio  0.3 Estimated 
Yield stress (0.2% strain)  256.7 [MPa] From uni-axial 
tension data 
Peak Stress  512.3 [MPa] From uni-axial 
tension data 
Yield stress  160.6 [MPa] From fitting; 


 
 
 
Strain hardening ! 0.203 
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  (a) 
 
 
      (b)  
 
      (c) 
 
Figure 1: Experimental plate tearing test set-up. (a) Schematic of the mechanical grips and test 
specimen (single edge crack specimen, in gray), (b) measured force-displacement curve, and (c) 
measured force versus crack extension. All measurements are made for normal strength steel 
with the crack growing either normal or transverse to the rolling direction of the sheet (see also 
El-Naaman and Nielsen, 2013). The dimensions are; "  
mm, "  #mm, "  ##,  
$  
mm, and  %  mm. 
  
  
 
 
 
 
 
 
Figure 2: 3D perspective of the flipping crack with the global coordinate system defined by the 
three zero-planes. Origo is located at the leading crack tip (indicated by the black dot) and the 
positive -axis is in the crack propagation direction. 
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                       (d)                                (e)                        (f) 
 
 
                          (g)                                 (h)                                              (i) 
 
Figure 3: Cross-sectional view of the flipping crack (-plane) with the crack growing 
perpendicular to the cross-section and away from the reader. Here, near tip orientation of the 
slant crack in (a) and the evolution of this slant primary crack in (b) and (c), to the initiation of 
the flipping action in (d) and the evolution of the flip in (g) to (h). Far behind the crack tip a 
slant crack exists in (i). The X-ray tomography results are shown for a resolution of &
m, 
and the images corresponds to cross-sections located at (a) &' (m, (b) &' #m (c) 
&' m, (d) & ' (m, (e) & ' ((m, (f) &' )m, (g) & ' m, (h) & '
#m, and (i) &' (m relative to the coordinate system defined by the zero-planes 
specified in Fig. 2. 
  
 
 
                                   (a)                                   (b)                                     (c) 
Figure 4: Cross-sectional overview of the crack propagation in the -plane with a resolution 
of the X-ray tomography scan of &m. Here, showing the intense thinning region 
governing the crack growth. Cross-sections are located at (a) &)m, (b) zero -plane, and 
(c) &' #
m relative to the coordinate system defined by the zero-planes specified in Fig. 2. 
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                                               (d)                                                  (e) 
Figure 5: Cross-sectional view of the crack propagation in the -plane with a resolution of 
the X-ray tomography scan of &
m. Here, displaying the location and evolution of shear-
lips. Cross-sections are located at (a) &
(m, (b) &#m (c) zero -plane, (d) &'
#*m, and (e) &' ((m relative to the coordinate system defined by the zero-planes 
specified in Fig. 2. 
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Figure 6: Cross-sectional view of the crack propagation in the -plane with a resolution of 
the X-ray tomography scan of &m. Here, displaying details of the evolution of a shear-lip. 
Relative to the cross-section in (a), the remaining cross-sections are located at; (b) &(m (c) 
&
m, and (d) &

m.  
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(b) 
Figure 7: X-ray tomography results with a resolution of ~6m, showing one shear-lip close to 
the outer free surface within the thinning region. The perspective in (a) correlates with that of 
Fig. 8 and the crack growth direction is indicated by %+  (to the right and towards the reader), 
whereas (b) correlates with Fig. 9, whereby the crack propagates toward the reader (the 
coordinate system defined by the zero-planes in Fig. 2 is maintained).  
 
 
 (a) 
  
(b) 
Figure 8: (a) X-ray tomography results with a resolution of ~20m (intermediate), showing in 
perspective the flipping crack tip and outer surfaces that define the thinning region. The crack 
growth direction is indicated by %+  (to the right and towards the reader). (b) Reconstruction of 
the flipping crack tip based on manual analysis of the individual cross-sections.  
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(b) 
Figure 9: (a) Front view (-plane) of the X-ray tomography results with a resolution of 
~20m (intermediate), showing the flipping crack tip and outer surfaces that define the thinning 
region. The crack grows toward the reader. (b) Reconstruction of the flipping crack tip based on 
manual analysis of the individual cross-sections. 
 
 
  
 
 
 
 
 
  
(a)                                                                   (b) 
Figure 10: (a) Top view (-plane) of the X-ray tomography results with a resolution of 
20m (intermediate), showing the flipping crack tip and outer surfaces that define the thinning 
region. (b) Reconstruction of the flipping crack tip based on manual analysis of the individual 
cross-sections. 
 
